Maintenance of genomic integrity is one of the fundamental biological properties shared by all living organisms. To counterbalance deleterious and potentially mutagenic effects of omnipresent DNA damaging assaults, organisms have developed a network of genome surveillance and maintenance pathways known as the DNA damage response. In eukaryotes, the orchestration of cell-cycle checkpoints, DNA damage repair, and apoptosis in response to DNA damage relies on posttranslational modifications of key regulatory proteins. Although the role of phosphorylation in these pathways is relatively well established, the significance of ubiquitylation has only recently emerged. In this review, we survey current research on the ubiquitin-proteasome system, focusing on the DNA damage response in the G2 phase of the cell cycle and two prominent classes of ubiquitin ligases, the SCF-and APC/C complexes. These ubiquitin ligases are reviewed with regard to their function in activating, maintaining, and terminating the checkpoint and in light of increasing evidence that suggests a dynamic balance of substrate ubiquitylation and deubiquitylation. We further discuss the impact of defective G2 checkpoint signaling on genomic stability and cancer risk, highlighting strategies for targeted antitumor drug discovery. Proper duplication of chromosomes is critical to cell function and the survival of organisms. DNA damage caused by endogenous (e.g. replication stress or free radicals) or exogenous factors (e.g. exposure to UV light or ionizing radiation) is a constant threat to the faithful transfer of genomic information. To prevent the mutagenic effects of DNA damage, eukaryotic cells respond to damage by activating a checkpoint response that arrests cell-cycle progression to allow for damage repair before the next stage of cell division. Alternatively, if the damage is too excessive, senescence or apoptosis can be induced. [1] [2] [3] Although the G1/S and the intra-S phase checkpoints prevent cells from unfaithful replication of their chromosomes, the G2 checkpoint allows repair of DNA damage just before mitosis. Checkpoint induction and DNA repair are thus closely interconnected to control genomic stability and prevent cells from undergoing malignant transformation. 4, 5 There are several DNA repair pathways in human cells, including mismatch repair, base excision repair, nucleotide excision repair, homologous recombination (HR), non-homologous end joining, and translesion synthesis. These pathways are triggered by different types of DNA damage and are differentially active depending on the cell type and cell-cycle phase. This review focuses on the cellular response to double strand breaks (DSBs) in the G2 phase of the cell cycle. DSBs are typically repaired by either non-homologous end joining (which is error prone) or HR, depending on the availability of sister chromatids. Therefore, the mechanism of choice in G2 is HR. Briefly, the central reaction of HR is a search for homology and DNA strand invasion by Rad51-ssDNA (single stranded DNA) presynaptic filaments, which initiate HR and form DNA structures called D-loops. These events are downstream to ATM activation, which occurs through the MRE11-Rad50-NBS1 (MRN) complex and DSB resection, which exposes 3 0 overhangs of ssDNA. Eventually, DNA synthesis (using the undamaged chromatid as a template) is performed to span the break site, thus generating two intact, separate chromatids [reviewed in References 4, 6, 7 ]. During the initiation of the G2 checkpoint, numerous proteins, including the phosphoinositide 3-kinase-related kinases ATM, ATR, and DNA-PK, collaborate to activate the DNA damage response signaling network. [8] [9] [10] In terms of checkpoint activation, these interwoven signaling cascades ultimately focus on the master regulator of mitotic entry, Cdk1, whose activity must be inhibited to arrest the cell cycle.
Proper duplication of chromosomes is critical to cell function and the survival of organisms. DNA damage caused by endogenous (e.g. replication stress or free radicals) or exogenous factors (e.g. exposure to UV light or ionizing radiation) is a constant threat to the faithful transfer of genomic information. To prevent the mutagenic effects of DNA damage, eukaryotic cells respond to damage by activating a checkpoint response that arrests cell-cycle progression to allow for damage repair before the next stage of cell division. Alternatively, if the damage is too excessive, senescence or apoptosis can be induced. [1] [2] [3] Although the G1/S and the intra-S phase checkpoints prevent cells from unfaithful replication of their chromosomes, the G2 checkpoint allows repair of DNA damage just before mitosis. Checkpoint induction and DNA repair are thus closely interconnected to control genomic stability and prevent cells from undergoing malignant transformation. 4, 5 There are several DNA repair pathways in human cells, including mismatch repair, base excision repair, nucleotide excision repair, homologous recombination (HR), non-homologous end joining, and translesion synthesis. These pathways are triggered by different types of DNA damage and are differentially active depending on the cell type and cell-cycle phase. This review focuses on the cellular response to double strand breaks (DSBs) in the G2 phase of the cell cycle. DSBs are typically repaired by either non-homologous end joining (which is error prone) or HR, depending on the availability of sister chromatids. Therefore, the mechanism of choice in G2 is HR. Briefly, the central reaction of HR is a search for homology and DNA strand invasion by Rad51-ssDNA (single stranded DNA) presynaptic filaments, which initiate HR and form DNA structures called D-loops. These events are downstream to ATM activation, which occurs through the MRE11-Rad50-NBS1 (MRN) complex and DSB resection, which exposes 3 0 overhangs of ssDNA. Eventually, DNA synthesis (using the undamaged chromatid as a template) is performed to span the break site, thus generating two intact, separate chromatids [reviewed in References 4, 6, 7 ]. During the initiation of the G2 checkpoint, numerous proteins, including the phosphoinositide 3-kinase-related kinases ATM, ATR, and DNA-PK, collaborate to activate the DNA damage response signaling network. [8] [9] [10] In terms of checkpoint activation, these interwoven signaling cascades ultimately focus on the master regulator of mitotic entry, Cdk1, whose activity must be inhibited to arrest the cell cycle. 11 Although many of the proteins involved in the G2 cell-cycle block are known, our knowledge of the crosstalk between these players still remains fragmentary. Timely response to genotoxic insults requires mechanisms producing an immediate impact, making this process largely reliant on different posttranslational modifications. Next to protein phosphorylation/dephosphorylation, for which a role in the G2 DNA damage response is relatively well established, protein ubiquitylation/deubiquitylation has only recently become more appreciated in the DNA damage response. It is becoming evident that both mechanisms closely cooperate, thus establishing the highly organized network needed for a timely and accurate response. Recent advances in this field, with a focus on the SCF and APC/C ubiquitin ligases, are discussed herein.
SCF and APC/C ubiquitin ligases
The ubiquitin-proteasome system (UPS) drives the cell cycle in a unidirectional and irreversible manner by targeting key cell-cycle regulators for timely degradation.
Two ubiquitylation complexes are intimately involved in this process, namely the SCF (Skp1/Cul1/F-box protein) complexes and the APC/C (anaphase-promoting complex/cyclosome). SCF and APC/C complexes are evolutionarily related, multiprotein complexes, with both containing a protein with cullin homology (Cul1 in the SCF complex, Apc2 in APC/C) and a RING finger protein (Roc1/Rbx1/Hrt1 in the SCF complex and Apc11 in APC/C) [12] [13] [14] ( Figure 1 ). The complexes differ in terms of their activity profile throughout the unperturbed cell cycle, with SCF complexes being active throughout the cell cycle and the APC/C being active only from mitosis to late G1.
F-box proteins (69 in humans) are the variable components of SCF complexes, which recruit substrates to the SCF core, thus providing specificity. They are divided into three groups, based on the presence of WD-40 domains (FBXWs), leucinerich repeats (FBXLs), or other non-WD-40/non-leucine-rich repeats protein-interaction domains (FBXOs). Notably, only 9 of the 69 SCF complexes have been matched to relevant substrates. 12, 15 In addition, SCF-like ubiquitin ligases have been described. For instance, the F-box-like protein, nuclear interaction partner of ALK, forms an SCF-like complex that has been implicated in the regulation of the G2/M transition. 16, 17 The APC/C complex comes in two forms, defined by either of two activating subunits/substrate-binding determinants: Cdc20 and Cdh1 (Figure 1 ). Although Cdc20 is necessary for progression through mitosis (i.e. promoting degradation of Securin to allow Separase function) and mitotic exit (i.e. promoting cyclin degradation to inactivate Cdk1), Cdh1 maintains the G0/G1 state by keeping CDK activities low (i.e. promoting the degradation of cyclins, Cdc25A, Plk1, Skp2, Cks1, etc.) and targeting key components of the DNA replication machinery (e.g. Geminin, Cdc6, Tk1, and Tmpk). A key difference between SCF and APC/C lies in their mode of substrate recognition. SCF complexes, in the majority of defined SCF systems, recognize substrates only when phosphorylated, whereas APC/C mostly recognizes unmodified, specific motifs present in the primary sequence of the substrate (e.g. D-box, KEN-box, A-box, etc.). In addition, unlike SCF, APC/C is regulated by CDK-mediated phosphorylation, with APC/C Cdh1 being inactivated in S, G2, and early M, and APC/C Cdc20 being activated in mitosis. 13 SCF and APC/C complexes also communicate and establish feedback among each other. For instance, during G1, APC/C Cdh1 promotes the degradation of Skp2 and its cofactor Cks1, and SCF contributes to the degradation of Cdh1 in early S phase. [18] [19] [20] Thus, a complex network of positive and negative feedback loops is established between kinases and ligases, providing the high level of specificity and flexibility of the system.
Establishment and maintenance of the G2 checkpoint
At the heart of the G2 DNA damage checkpoint lies the Cdk1 kinase (also known as Cdc2), the only CDK in mammals that is essential for viability. On DNA damage, Cdk1 must be inhibited to arrest the cell cycle and inhibit mitotic entry. Cdk1 activity is regulated by inhibitory phosphorylation (on Thr 14 and Tyr 15 in human), which is tightly controlled by the Wee1 and Mik1/Myt1 kinases and the Cdc25 family of phosaphatases. In addition, the CDK inhibitory proteins p21 and p27 negatively control Cdk1 activity. 21 After the formation of DSBs, ATR and ATM activate Chk1 and Chk2, respectively. In turn, these two kinases induce the degradation of Cdc25A and promote the stabilization of p53, leading to the induction of p21 (reviewed in References 2, 3, 11 ). Notably, ATR requires the checkpoint mediator molecule Claspin to activate Chk1. 22 Two major ubiquitin ligases are integral to this process: SCF bTrCP and APC/C Cdh1 .
SCF bTrCP . One essential G2 checkpoint hub is operated by the SCF bTrCP ligase. Mammals express two distinct paralogs of bTrCP, which are biochemically indistinguishable: bTrCP1 (also known as FBXW1, FBW1A, and FWD1) and bTrCP2 Figure 1 Structure of SCF and APC/C ubiquitin ligases. Both ubiquitin ligases share a Cullin (dotted) subunit and a RING finger (light gray) protein, which mediates binding to the ubiquitin conjugating enzyme (UBC). The substrate-binding subunits are the variable components in each family of ligases (dashed) and mediate substrate-binding specificity. Cdh1 and Cdc20 are the variable components of the APC/C, whereas SCF complexes are characterized by a large class of substrate-binding components, the F-box proteins (69 in humans). SCF ligases typically recognize phosphorylated substrates, whereas the APC/C targets specific motifs present in the primary sequence of the substrate. In addition to Cdh1 and Cdc20, some substrates are also recognized though the contribution of other APC/C subunits (e.g. Apc10)
(also known as FBXW11, FBW11, FBXW1B, FBX1B, and HOS). 15 We will therefore use the term bTrCP to refer to both, unless specified. The key function of SCF bTrCP in G2 stems from its ability to regulate the checkpoint both positively and negatively. This dual function is intimately linked to the mode of substrate recognition by the SCF bTrCP ligase, which is governed by phosphorylation. bTrCP recognizes a canonical DSGXXS degradation motif (degron) or related variants (for example, the DDG, EEG, SSG, or TSGXXS/E/D motifs) in which the serine or threonine residues are phosphorylated by specific kinases to allow binding to bTrCP. The usage of substrate phosphorylation imparts not only exquisite specificity but also functions as a means to regulate SCF bTrCP , which is present and active throughout the cell cycle. Three kinases are relevant for this process in G2: Plk1, Chk1, and Chk2. Plk1, a prominent pro-mitotic kinase, initiates checkpoint recovery by directly phosphorylating the checkpoint molecules Claspin and Wee1, thus marking them for degradation by SCF bTrCP . 23 (Checkpoint recovery is discussed in more detail below.) Chk1-and Chk2-mediated phosphorylation activates the checkpoint by mediating SCF bTrCP -dependent degradation of the Cdk1 activator Cdc25A. 24, 25 In mammals, there are three Cdc25 family members (Cdc25A, B, and C), which collaborate in coordinating the timely activation of multiple cyclin-CDK complexes at different phases of the cell cycle. [26] [27] [28] [29] Cdc25B and C are regulators of the G2/M transition by virtue of their ability to activate cyclin A, B-Cdk1. 30, 31 In contrast, Cdc25A controls not only the G2/M transition by regulating Cdk1, 24, 32 but it also controls the G1/S transition by participating in the regulation of Cyclin E/A-Cdk2 activity. 33 Notably, Cdc25A is the only Cdc25 family member essential for the mammalian cell cycle. 34, 35 The mode of phosphorylation of Cdc25A has been subject to extensive scrutiny, and a complex picture, in which multiple phosphorylation events can both promote and protect Cdc25A from ubiquitin-mediated proteolysis, has recently emerged (for a review see Reference 36 ). With regard to the G2 checkpoint response, the data support a model in which a Chk1/2-mediated priming phosphorylation is a prerequisite for the subsequent phosphorylation of Cdc25A (by a still unidentified kinase(s)), which creates the phosphodegron for SCF bTrCP ( Figure 2 ). Cdc25A protein is overexpressed in a variety of human cancers, including head and neck, liver, thyroid breast, ovary, and lung cancers, and such overexpression often correlates with poor prognosis. 28 A recent study using MMTV-Cdc25A transgenic mice showed that Cdc25A overexpression in the mouse mammary gland is insufficient to cause spontaneous tumors. 37 However, the MMTV-Cdc25A transgene significantly accelerates MMTV-Ras-or MMTVNeu-induced mammary tumorigenesis, with tumors showing mis-coordinated cell-cycle progression and enhanced genomic instability. Whether mutations within the degron of Cdc25A are the root of the high expression levels observed in certain tumors is presently unclear. Future studies applying knock-in models for the mutant forms of Cdc25A and sequence analyses in primary tumor samples will help to further unravel the role of Cdc25A degradation in tumorigenesis and indicate whether Cdc25A is a promising target gene for molecular therapy.
APC/C
Cdh1 . A large literature has established that APC/C Cdh1 primarily functions during late mitosis and in G1 of the unperturbed cell cycle to ensure that certain positive regulators of the cell cycle do not accumulate prematurely. 13, 14 At the G1/S transition, cyclin A-Cdk1-and cyclin A-Cdk2-mediated phosphorylation of Cdh1 results in dissociation of Cdh1 from the APC/C core and, thus, inactivation of APC/C Cdh1 . [38] [39] [40] The consequent stabilization of substrates promotes progression into S phase. Binding to Emi1 (an APC/C inhibitor) and degradation of both Cdh1 and Ubc10 (a ubiquitin conjugating enzyme, which cooperates with APC/C) represent further mechanisms to inhibit APC/ C Cdh1 at G1/S. 20, [41] [42] [43] On progression into G2, both Cdh1 and Ubc10 re-accumulate, whereas APC/C Cdh1 remains in an inactive state as a consequence of CDK-dependent phosphorylation of Cdh1 and the presence of Emi1.
The first hints of a role for APC/C Cdh1 in the G2 DNA damage checkpoint came from observations in chicken DT40 cells, in which re-association of Cdh1 with Cdc27 (one of the core components of the APC/C) was observed in response to genotoxic stresses. This re-association was accompanied by an increase in APC/C ubiquitylation activity. 44 Subsequently, reactivation of APC/C Cdh1 in response to DNA damage was also observed during G2 in mammalian cells and shown to be required for the degradation of Plk1 45 ( Figure 2 ). Plk1 is required for mitotic entry, and its kinase activity triggers the degradation of the Cdk1 inhibitors Wee1 and Claspin through SCF bTrCP . [46] [47] [48] [49] Indeed, cells expressing a mutant form of Plk1 that cannot be recognized by APC/C Cdh1 (and thus cannot be degraded) showed a greater tendency to escape from the DNA damage checkpoint and enter mitosis despite the presence of DNA damage foci. 45 Intriguingly, although Cdh1 is not an essential gene, recent findings from a conditional knockout approach showed increased genomic instability in mouse embryonic fibroblasts lacking Cdh1. 50, 51 This phenotype may be the consequence of an impaired DNA damage checkpoint.
The obvious question of how APC/C Cdh1 becomes reactivated in the DNA-damaged cells in G2, when Cdk activity is high, was solved by the identification of Cdc14B as the phosphatase that specifically dephosphorylates Cdh1 upon DNA damage in G2, thus removing a major restraint of Cdh1 activity. This event is preceded by the translocation of Cdc14B from the nucleolus to the nucleus. 45 Here, an analogy to the regulation of mitotic exit in budding yeast is notable, because in early anaphase the release of Cdc14 from the nucleoli occurs through the sequential action of two regulatory networks, the Cdc fourteen early anaphase release network (FEAR) and the mitotic exit network (MEN). [52] [53] [54] Significantly, some components of both pathways are conserved in mammals, but, with the exception of Plk1 (the ortholog of yeast Cdc5), the functions of these homologs are largely unknown.
A further question concerns the Cdh1 inhibitor Emi1. Does Emi1 inactivation contribute to the reactivation of APC/C Cdh1 in response to DNA damage? Initial evidence suggests that this is not the case (at least for the early response and initial maintenance of the cell-cycle block) and that, instead, two distinct pools of APC/C Cdh1 exist in G2. One pool is inactive both in the presence and absence of genotoxic stress and is Ubiquitylation in the G2 DNA damage response F Bassermann and M Pagano inhibited by Emi1, whereas a second pool is inhibited by phosphorylation and reactivated in response to DNA damage. In support of this hypothesis, certain substrates of APC/C Cdh1 , which are known to be stabilized by Emi1 (e.g. cyclin A, cyclin B, and geminin), are not degraded despite APC/C Cdh1 re-activation upon DNA damage, and their stability does not change when either Cdh1 and/or USP28 (see below) is downregulated. 45 In addition, Emi1 binding to APC/C is not influenced by genotoxic stresses. 45 A recent report showed a p21-dependent downregulation of Emi1 in the late maintenance stage of the G2 checkpoint and linked this mechanism to the activation of APC/C Cdh1 . 55 Emi1 inactivation may thus contribute to G2 checkpoint maintenance, particularly after extensive damage and prolonged checkpoint-mediated arrest. It will be important to further address the regulation of different pools of APC/C complexes and the role of Emi1 in future experiments.
Of note, the Cdc14B-Cdh1-Plk1 axis is activated in parallel to ATM, and failure of this pathway is not compensated by ATM-dependent checkpoint signaling. 45 It is well documented that mutations in ATM have deleterious consequences in terms of acquisition of genomic instability and tumor development (as described in patients with Ataxia teleangiectasia and ATM À/À mouse models). 56 In particular, hematological malignancies are associated with ATM mutation. Therefore, deregulation of the Cdc14B-Cdh1-Plk1 pathway may be Figure 2 The role of ubiquitin ligases and deubiquitylating enzymes (DUBs) in controlling the G2 DNA damage response checkpoint. (Black indicates active forms, gray indicates inactive/degraded forms of the respected proteins or cellular events. Components of the UPS system are highlighted.) DNA damage during G2 triggers checkpoint activation signaling and eventually results in a cell-cycle block through inhibition of Cdk1. As part of the checkpoint initiation process, the phosphatase Cdc14B (after translocating to the nucleus from the nucleolus) activates APC/C Cdh1 by dephosphorylating Cdh1, allowing binding to APC/C. APC/C Cdh1 promotes the degradation of Plk1, a kinase required for mitotic entry by, among other functions, triggering the SCF bTrCP -mediated degradation of Wee1 and Claspin, two negative regulators of Cdk1. Claspin is an adaptor protein required by the ATR kinase to activate Chk1, whose activity is a prerequisite for SCF bTrCP -mediated degradation of Cdc25A, an activator of Cdk1. During the G2 cell-cycle arrest, APC/C Cdh1 specifically induces the degradation of Plk1, but not other substrates, such as Claspin, because of the action of the deubiquitylating enzyme USP28. Additionally, USP7 counteracts Claspin ubiquitylation mediated by SCF bTrCP . In response to the DNA damage, ATM phosphorylates and activates Chk2, indirectly activates ATR, and phosphorylates Mdm2. The latter event lowers the affinity of Mdm2 for USP7, thus resulting in more rapid Mdm2 degradation. By this means, less p53 is ubiquitylated and degraded, resulting in the transcription of the Cdk1 inhibitor p21. Further stabilization of p53 is achieved by direct phosphorylation, which dissociates p53 from Mdm2, an event mediated by Chk1/2 and ATM Ubiquitylation in the G2 DNA damage response F Bassermann and M Pagano critically important in tumorigenesis as well. Remarkably, searches of the Oncomine database for differential expression of Cdc14B, Cdh1, and Plk1 in normal versus tumor tissues showed a significant decrease of Cdc14B and Cdh1 in many common tumors, such as breast, prostate, ovary, liver, and brain tumors. 45 Conversely, levels of Plk1 are significantly increased in most tumors. 26, 45 Thus, failure of the Cdc14B-Cdh1-Plk1 axis may be a relevant oncogenic event in various tumors.
Checkpoint recovery
The primary function of DNA damage checkpoints is to generate a timeframe for subsequent DNA damage repair. If this task can be accomplished, the cell can resume cell-cycle progression. In the G2 checkpoint, recovery eventually results in mitotic entry. Although the machinery that senses DNA damage, activates checkpoints, and executes damage repair has been studied to a significant extent, less is known about how cells recover from the checkpoint and terminate damage signaling.
Several recent studies showed that ubiquitin-proteasomedependent degradation of Claspin and Wee1 is an integral part of the G2 checkpoint recovery process. The relevant ubiquitin ligase in this process is the SCF bTrCP complex, which targets both proteins for degradation. [47] [48] [49] Although removal of Claspin results in the termination of Chk1 signaling (leading to stabilization of Cdc25A), Wee1 degradation is the direct removal of the major Cdk1 inhibitory kinase. bTrCP thus functions as a critical intersection at the G2 checkpoint, transmitting either activation (degradation of Cdc25A to establish the checkpoint) or inhibition (degradation of Claspin and Wee1 to recover from the checkpoint) signals. The key to this differential function lies in the strict dependency on substrate phosphorylation within the degron. Although phosphorylation of the Cdc25A degron is Chk1-dependent (but Chk1 does not phosphorylate the degron directly), Plk1 directly phosphorylates Claspin and Wee1 within the canonical bTrCP recognition motif, thus initiating the degradation process (Figure 3) .
Recently, Plk1-bTrCP-mediated degradation has been implicated in the regulation of the Fanconi Anemia (FA) pathway. The FA pathway, in which at least 13 different proteins participate, is an important pathway that ensures error-free DNA replication. Inactivating mutations in the corresponding genes underlie the inherited disease FA (reviewed in References 7, 57 ). Plk1-mediated phosphorylation of FANCM, an integral part of the FA complex, which loads the FA core onto chromatin, has now been shown to result in bTrCP-mediated degradation of FANCM at G2/M. 58 This mechanism facilitates the timely termination of FA-mediated DNA repair activity, contributing to faithful checkpoint recovery.
The various functions of Plk1 in pro-mitotic signaling give rise to the essential question of how Plk1 is reactivated during checkpoint recovery. In response to the DNA damage, Plk1 is kept in check by APC/C Cdh1 -dependent degradation, a process initiated by Cdc14B (see above). 45 Additionally, the activating phosphorylation of Plk1 is also inhibited by a still unknown mechanism. 59 In a recent report, APC/C Cdh1 -mediated degradation of Cdc5, the budding yeast homolog of Plk1, was found to inactivate Cdc14 after mitotic exit by promoting its return to the nucleolus. 60 It may be possible that a similar mechanism exists in mammalian cells, and it is extended to the function of Cdc14B in the G2 DNA damage response. In this manner, the Cdc14B-Cdh1-Plk1 axis could work as a feedback loop that regulates both activation and inactivation of the G2 checkpoint.
Finally, bTrCP-mediated degradation may also be involved in the regulation of the critical cell fate decision after DNA damage: whether to resume the cell cycle or induce apoptosis. This possibility is based on the recent identification of the pro-apoptotic molecule, BimEL, as a substrate of bTrCP. 61 Moreover, bTrCP has been implicated in the Mdm2-independent degradation of p53, which is initiated by IKK2-mediated phosphorylation of p53. 62 Whether the G2 checkpoint makes use of these pathways will be subject of future investigations.
Role of deubiquitylating enzymes (DUBs) in regulating the G2 checkpoint
The reversible nature of ubiquitylation has brought deubiquitylation into the focus of cell cycle and checkpoint regulation. The human genome harbors approximately 90 deubiquitylating enzymes (DUBs), which cleave ubiquitin off substrates, thereby terminating ubiquitin-dependent processes. [63] [64] [65] However, few DUBs have been assigned functions or substrates. Present evidence suggests that DUBs are highly regulated and function with a level of specificity, making them comparable to ubiquitin ligases; thus, underscoring a model in which ubiquitylation and deubiquitylation are controlled by the balance between two opposing enzymes.
Several DUBs have been implicated in the DNA damage response, including USP1, USP7 (also known as HAUSP), and USP28. [66] [67] [68] [69] With regard to the G2 DNA damage checkpoint, USP7 and USP28 are particularly relevant by virtue of their differential action on the checkpoint mediator protein Claspin. 68, 69 Claspin, which is a substrate of APC/ C Cdh1 in G1, is protected by USP28 from APC/C Cdh1 -mediated ubiquitylation upon activation of the G2 checkpoint. 45 Moreover, USP28 has been shown to be activated in response to DNA damage to stabilize additional proteins of the DNA damage checkpoint pathway (e.g. 53BP1 and Chk2) and promote DNA damage-induced apoptosis through regulation of the pro-apoptotic Chk2-p53-PUMA pathway. 69 Finally, steady-state levels of Claspin in G2 are controlled by USP7, which specifically counteracts SCF bTrCP -mediated ubiquitylation of Claspin. 68 Thus, though USP28-mediated deubiquitylation of Claspin seems vital for the initiation and early maintenance processes of the checkpoint, USP7 controls checkpoint duration and the timing of recovery, particularly when Plk1 re-accumulates and becomes active.
The case of USP28 and USP7 as independent DUBs for Claspin indicates high levels of specificity for these deubiquitylation events and suggests that DUBs may be specific not only for their substrates but also for distinct ubiquitylation events within the substrate. Moreover, the counterplay of USP28 and Cdh1 (with USP28 protecting only some substrates of APC/C Cdh1 ) suggests that deubiquitylation is an important regulatory mechanism that guarantees specificity of substrate degradation by single ubiquitin ligases. Finally, two other functions of USP7 and USP28 in checkpoint control should be mentioned. First, USP7 functions as a DUB for Mdm2, the ubiquitin ligase for p53. 65, [70] [71] [72] In response to DNA damage, ATM phosphorylates Mdm2, thereby lowering its affinity for USP7, resulting in more rapid Mdm2 degradation. As a result, less p53 is ubiquitylated and degraded. Thus, USP7 participates in controlling the abundance of p53 during cell-cycle checkpoints. Second, USP28 seems to regulate the stability of substrates of the SCF Fbxw7 ligase, which functions as a tumor suppressor. This function may be relevant for the G2 checkpoint because DNA damage triggers dissociation of USP28 from c-Myc (a substrate of SCF Fbxw7 ), thus triggering its degradation and stalling cell-cycle progression. 73, 74 In line with its function in counteracting degradation of c-Myc, USP28 has been shown to be overexpressed in colon and breast carcinomas. 74 Thus, USP28 may possess the properties of both a tumor suppressor and an oncoprotein. Further experiments are necessary to elucidate this point.
Concluding remarks and clinical outlook
The recent progress reviewed herein provides evidence of the emerging role of the UPS, particularly the SCF and APC/C ligases, in regulating the G2 DNA damage checkpoint (Figures 2 and 3 ). The involvement of APC/C Cdh1 in the G2 DNA damage checkpoint gives rise to several interesting questions. To date, the most upstream signaling component of APC/C Cdh1 reactivation is Cdc14B, whose activation is operated in parallel to ATM. Thus, the initial event, which includes release from the nucleolus to allow nuclear translocation, deserves closer scrutiny. Another question concerns the substrates degraded through APC/C Cdh1 in response to genotoxic stresses. Currently, the only identified substrate is Figure 3 The role of ubiquitin ligases and deubiquitylating enzymes (DUBs) in the G2 checkpoint recovery process. After successful DNA repair in G2, cells recover from the checkpoint and proceed into mitosis. An integral part of this process is the degradation of Claspin and Wee1 through SCF bTrCP , which is initiated by Plk1 after reconstitution of Plk1 expression and activity in the recovery process. The exact mechanism of Plk1 reactivation is presently unclear, but it may involve the inactivation of Cdc14B and APC/C Cdh1 , as well as activating phosphorylation of Plk1. Efficient Claspin degradation necessitates the removal of the stabilizing activities of USP7 and USP28 by still unknown mechanisms. Eventually, degradation of Claspin blocks Chk1 activation, allowing Cdc25A accumulation and activation of Cdk1. The activated Plk1-SCF bTrCP hub additionally drives the degradation of FANCM, thus terminating DNA repair by the FA pathway in mitosis. Finally, inactivation of ATM results in the inactivation of ATR and Chk2, stabilization of Mdm2, and destabilization of p53, with subsequent loss of p21 transcription Ubiquitylation in the G2 DNA damage response F Bassermann and M Pagano Plk1, but other substrates may also be involved. The quest for other candidate substrates may identify unexpected proteins, which have not been associated earlier with Cdh1 (in late mitosis and G1). 45 USP28 is at least partially involved in this process through deubiquitylation of Claspin and potentially other Cdh1 substrates. As research on the large family of DUBs continues, other DUBs may soon be added to this list.
The G2 checkpoint is also attractive from the point of view of targeted tumor therapy. DNA damage checkpoints work to repair DNA and to promote survival of the organism, but they might also reduce the effectiveness of various cancer treatments, which frequently induce DNA damage. 75 If the activity of the checkpoint and DNA repair could be selectively reduced in tumor cells, the efficiency of treatment could be increased (chemosensitation). On the other hand, if the checkpoint response and repair could be increased selectively in normal, proliferating cells, while inducing apoptosis in tumor cells, therapies could be optimized to reduce side effects (chemoprotection and antitumor activity). 75 Modulation of the G2 DNA damage checkpoint could potentially achieve both of these objectives. The role of the G2 checkpoint as a key guardian of the cancer cell genome has clearly emerged in the last 15 years, thus making G2 abrogation strategies attractive. Such an approach could prevent cancer cells from repairing DNA damage, forcing them into M phase and subsequently into mitotic catastrophe and apoptosis. Overexpression of proteins that undermine the G2 checkpoint and drive cells into mitosis has been observed in different types of cancer (e.g. Plk1 and Cdc25A), presenting target candidates to directly induce antitumor activity. Indeed, inhibitors of Plk1 have shown robust antiproliferative activity in various tumors with overexpression of Plk1 (e.g. acute myelogenous leukemia), and clinical trials are currently being conducted to further evaluate this therapeutic principle. 76, 77 Compounds inhibiting proteasomal degradation have recently been proven effective in different types of tumors. Much of the current evidence for the efficacy of proateasome inhibition is derived from the successful clinical introduction of bortezomib, a compound that should inhibit all ubiquitin ligases by inhibiting the degradation of target proteins by the 26S proteasome. 78 Given the wide range of cellular processes regulated by the UPS, a targeted approach to specific ubiquitiylation events would be predicted to achieve higher therapeutic ratios. Moreover, the presence of more than 500 E3 ligases and approximately 100 DUBs in human cells makes it plausible that the alterations of the ubiquitin system identified in cancer so far offer merely a glimpse of a much more widespread mechanistic hub, whose deregulation significantly contributes to tumorigenesis. Ubiquitin ligases may represent effective targets because of their intrinsic specificity for particular substrates. At present, Mdm2 (a ubiquitin ligase that regulates the stability of p53) is one of the few ligases that have been shown to be amenable to specific inhibition. Although lead compounds have not yet been developed into clinically relevant therapeutics, the initial studies have shown that specific inhibition of ligases is indeed feasible. 79, 80 The major shortcoming of the ubquitin ligase inhibition strategy is that effective compounds must block the physical interaction between an E3 and its substrate, a difficult challenge that will have to be addressed. This approach will depend on a clear understanding of the structural basis of E3-substrate interactions, but such information is not yet readily available for most of the E3s. As ongoing research in the UPS field renders more and more answers to these open questions, the quest for compounds specifically targeting the UPS will hopefully yield novel classes of cancer drugs, which will provide powerful tools for targeted and specific tumor therapy.
